INTRODUCTION
Viscosity of the molten glass is a key variable in determining the quality of the final glass product. At low viscosities the melt can be highly corrosive. At high viscosities the melter can become plugged. "Melt viscosity is the most important processing property; it controls processing rate, product homogeneity, and heat transfer within the molten glass [1] ." Thus, the viscosity is an important parameter which can be used by the vitrification industry for the processing of waste material and by the glass industry for production of high quality glass products. The major problem in measuring the viscosity of the molten waste product is the extremely hot and corrosive environment.
Although the primary motivation for this work is the development of a high temperature viscometer for use in the vitrification of hazardous and radioactive wastes, it has application for monitoring other molten liquids as well. However, at this time there is no on-line method for measuring the viscosity of the molten liquids. The work described here addresses this shortcoming by developing a robust technique to measure viscosity of glass as it is being processed. The goal of any viscometer can vary from application to application. For the vitrification of hazardous and radioactive wastes into waste glass it would be desirable to measure the molten glass in the range of 20 to 100 poise within +/-10 poise. The temperatures will reach up to 1300°C. For commercial glass applications these criteria could be more demanding, i.e., higher temperatures, larger viscosity range, and higher resolution.
The development of a torsional waveguide sensor to measure viscosity of liquids is described. Measurements were made in the 7 to 500 poise range with two different calibration liquids. The viscosity of the liquids was varied by varying the temperature from 20°C to 60°C. The viscosity measurements of the two liquids agreed very well with each other. The use of the sensor to determine liquid level was also investigated. A few potential problems were identified with the use of the sensor as a level meter, but several solutions to these problems were suggested. A similar waveguide was used to make measurements in molten glass, at temperatures up to l060°C. These results were also very encouraging. Modifications to the design of the sensor were proposed for future high temperature experiments.
BACKGROUND
A versatile system has been developed in which either torsional or extensional waves can be excited and detected in thin rods, or wires, made of magnetostrictive materials [2] . Magnetostrictive materials deform under the influence of a magnetic field. The type of deformation depends on the polarization of the magnetic domains within the material and the alignment of the external magnetic field. When electric current is passed through a magnetostrictive rod the domains are aligned circurnferentially within the rod. A twist in the rod is produced if the rod is then subjected to an external, axial magnetic field. If the external field is transient, then the twist propagates as a torsional wave down the length of the rod. This effect is referred to as the Wiedemann effect [3] . The axial magnetic field is produced by passing a current pulse through a coil that is wrapped around the wire. The detection of torsional waves is accomplished via the inverse-Wiedemann effect, in which the torsional wave produces a current in the coil.
The magnetostrictive rod can be either soldered, glued, or welded to another rod made of a different material, such as stainless steel. It is this second material which usually comes into contact with the liquid. Waveguides of noncircular cross-section are used to determine liquid density [2, 4] . In two phase fluids, such as particulate suspensions or liquid-vapor mixtures, they have also been used to measure equivalent density. Waveguides of circular cross-section are used to determine viscosity [5] . Both types of waveguides can be used to determine temperature and liquid level.
Since the work described here deals with measuring viscosity, the discussion will be confined to torsional waveguides of circular cross-sections. Of course, many different modes of torsional waves are possible, depending on the frequency content of the torsional wave and the diameter of the rod. The frequency content of the torsional wave pulses used in this work is under 100 kHz and the diameter of the waveguides is less than 2.4 mm (0.1 inch). Only the lowest mode of propagation of torsional waves is allowed under these conditions. Thus, the discussion that follows is restricted to the lowest torsional mode.
Mathematical solutions are available that describe torsional wave propagation under various conditions. These conditions range from the case in which the sides of the circular rod are stress free [6] to that in which the rod is immersed in a viscous liquid [5] . For the latter case, the numerical solutions show that both the phase velocity and attenuation of torsional waves depend on the ratio of the density to the viscosity. The motion of the surface of a rod due to a torsional wave is parallel to the surface and in a circumferential direction. When the surface is in contact with a liquid, the motion of the solid will induce motion within the liquid. If the liquid is viscous, shear stresses will be produced at the surface which oppose the motion in the solid rod. These stresses, or viscous drag, will cause the torsional wave to attenuate.
It has been shown that the speed of the torsional wave in the waveguide, in addition to the attenuation, depends on the viscosity of the adjacent liquid [5] . The interdependence of these parameters can also be demonstrated using dimensional analysis [7] . However, the temperature of the waveguide affects the wave speed as well, in several ways. First, the speed of torsional waves in the material is a function of temperature. Secondly, the rod will elongate as the temperature increases so that the torsional pulse will travel larger distance. At this point in the development of the sensor it was decided that it would be easier to relate the viscosity of the surrounding liquid to the attenuation of the torsional wave rather than try to unravel the travel time information. For a solid waveguide, the attenuation based sensor is able to measure viscosity with more resolution than a velocity based sensor. The resolution of a velocity based sensor can be improved by using a threaded or hollow waveguide. It was felt that this configuration would not be practical for the viscosities being measured here. For instance, very viscous liquids would not flow easily in and out of a hollow waveguide. This would be a consideration if the liquid were not homogeneous.
CALIBRATION LIQUID EXPERIMENTS Experimental Confi guration
A waveguide was composed of three rods of different diameters silver soldered together. The top section was a remendur wire 910 mm (36 inches) long. The middle section was a stainless steel rod 2.4 mm (0.093 inches) in diameter and 258 mm (10 inches) in length. The bottom section was another stainless steel rod of 1.6 mm (0.062 inch) diameter and 150 mm (5.9 inches) in length. The coil which generated and detected the torsional waves was fitted over the top end of the remendur rod, as shown in Figure 1 . Figure 1 . Experimental arrangement for measuring viscosity of liquids with torsional waveguide. .1~,----;600=----:;:700-~eoo=---n;900~----;;!1000 TIME (P8) a Figure 2 . Signal from torsional waveguide inserted in NI5000 calibration liquid. The temperature, viscosity and depth were 60°C, 27 poise and 20.5 cm.
The viscous liquids used were Cannon Nl5000 and N4000 calibration liquids. The viscosities of the liquids are tabulated at several discrete temperatures: 20°C, 25 °C, 40 °C, and 60 °c and range in viscosity from approximately 7 to 500 poise. An exponential curve was fit through these points to estimate the viscosity of the liquids at intermediate temperatures [7] . The viscous liquid was poured into a standard 100 ml graduated cylinder and the cylinder was placed into a temperature controlled water bath. The bottom end of the waveguide (150 mm stainless steel section) was inserted entirely into the viscous liquid so that the level was somewhere along the middle section of the waveguide (258 mm stainless steel section).
A torsional wave was generated in the remendur by exciting the coil with a PulserlReceiver unit. The torsional wave traveled down the waveguide and was partially reflected at each of the soldered joints. The remaining energy was totally reflected at the end of the waveguide. One such waveform is shown in Figure 2 . The pulses labeled 1,2, and 3 in the figure are the reflections from joint between the top and middle section, between the middle and bottom section, and from the end, respectively.
It can be shown that the ratio of the amplitudes of the third to the second pulse depends only on the viscosity of the liquid, and not on the level of the liquid. This is because both the end of the waveguide and the 2nd soldered joint are submerged in the liquid. The ratio between the second to the first amplitude depends on the level of the liquid as well as its viscosity. However, since the viscosity is determined by the ratio of the 3rd to the 2nd amplitudes the level can be determined as well. As mentioned earlier, the various amplitude ratios were correlated to the viscosity of two different viscosity calibration liquids, N4000 and Nl5000. The ratio of the 3rd to the 2nd amplitude is plotted in Figure 3 against viscosity. Viscosity is used as the abscissa in this graph, instead of the ratio of viscosity to density, since the densities of the two liquids are so similar. The viscosity was varied by varying the temperature, in 5°C increments, from room temperature to 60°C. Several different experiments were perfonned to show that the results were repeatable. Also, the level of the liquid was varied, as noted in the legend, to show that this ratio was indeed independent of liquid level. The results from the two different liquids agree as well. There is some discrepancy between the two liquids at approximately 120 poise. It was detennined that this is not due to the difference in density of the liquids. It could be due to the difference in temperature. The N4000 liquid is at room temperature at this viscosity, while the Nl5000 liquid is at 40°C. The difference could be due to the elongation of the rod or differences in attenuation in the stainless steel waveguide.
The ratio of the 2nd amplitude to the 1st amplitude is plotted against viscosity in Figure  4 . Again, as noted in the legend, the experiments were performed in the 2 different liquids and at different liquid levels. The depth referred to in the legend is from the from the bottom of the waveguide to the liquid surface. As can be seen in the figure, the ratios calculated from data taken at similar depths roughly fall along the same curves. For a given viscosity, the ratio corresponding to a shallow liquid level is greater than the ratio from a deeper level. Thus, this could be a technique to determine liquid level in addition to viscosity. This is, of course, assuming that the viscosity is uniform along the entire length of the waveguide. It is interesting to note that the curves converge as the viscosity decreases. This is to be expected because there is no attenuation of the torsional wave when the viscosity is zero, i.e., the amplitude of the reflection would be the same as if the rod were immersed in air.
There was concern that as the liquid level drops that the liquid would adhere to the sides of the waveguide and adversely affect the amplitude reading. This was investigated in a simple experiment in which waveguide was inserted into the liquid at a gi ven depth and a reading was taken. It was then inserted to a deeper depth (4 cm difference) and another reading was taken. The waveguide was then pulled out to the original depth and readings were taken periodically over the next hour or two. The ratio of the 2nd to the 1st amplitudes over this period are plotted in Figure 5 . Unfortunately, the ratio never fully recovered to its original value. Also, the dip within the first ten minutes after the waveguide was not expected. It could be because there is a smooth, gradual taper between the rod and the fluid during this time in contrast to the abrupt change in impedance when the surface is flat. This would be analogous to an acoustic hom or tapered buffer rod. A similar experiment with another calibration liquid led to similar results [7] .
MOLTEN GLASS EXPERIMENT Experimental Conti guration
A preliminary experiment was performed in molten glass. This experiment was similar to the one described above with a couple important differences. The waveguide was configured differently. The remendur wire was attached to a 1.83 m (6 ft.) length of Inconel, 1.6 mm (0.062 inch) in diameter. A bead of silver solder was placed 610 mm (24 inches) and at 200 mm (8 inches) from the bottom. A lead based glass was melted in a top loading oven in a 10 cm (4 inch) high crucible. The softening point of the glass was 565°C. The depth of the glass within the crucible was approximately 75 mm (3 inches). The temperature was varied from 800°C to 1060°C. The bottom solder bead (at 200 mm) was within the oven, while the upper one was not. The rod remained cool to the touch within a few inches of the oven without any external cooling.
Waveforms recorded at two different temperatures are shown in Figure 6 . The large pulse just before 0.9 ms in both the top and bottom plots, and labeled 1 in the figure, is the reflection of the torsional wave from the top solder bead. The amplitude and arrival time of this reflection remained essentially constant during the entire experiment. This is because this part of the rod was sufficiently far from the oven that its temperature did not change significantly. The reflection at approximately 1.15 ms in the top plot (labeled 2) was from the bottom solder bead. This reflection decreased in amplitude as the temperature increased. I t can be seen that this reflection is no longer observable in the bottom plot. The reflection just before 1.3 ms (labeled 3) was from the air-glass interface, as seen in the top plot in the figure. This reflection, which also diminished in amplitude as the temperature increased could be used to determine liquid level, particularly at high viscosities. Below 920°C no reflection was observed from the bottom of the waveguide. However, at temperatures above 920°C this reflection was observed. This reflection, labeled 4 in the bottom plot of Figure 6 , is approximately at 1.35 ms.
>- For the high temperature measurements, the amplitude ratio of the reflections from the top solder bead and the bottom of the rod were plotted against temperature in Figure 7 . Although viscosity data is not available for this glass, the viscosity and attenuation should decrease as the temperature increases. As seen in Figure 7 , the amplitude ratio increases as the temperature increases up to lOOO°C. This is due to the decrease in the viscosity and attenuation. At temperatures over l0000C the amplitude ratio decreases. This is believed to be because the attenuation of the torsional wave in the Inconel rod dominates at these temperatures. The melting point of Inconel is approximately 1300°C so that this explanation is plausible.
CONCLUSION
The design of a device for measuring viscosity of highly viscous liquids was presented and discussed. As a viscometer this device appears to be very robust and simple to implement. The data from this device is processed in a straightforward and uncomplicated mariner. The use of this device as a level detector was also discussed. However, it was shown that determining the level of the liquid after the level had dropped would be difficult due to the viscous liquid adhering to the sides of the rod. Coating the waveguide with a nonwetting material might improve its performance as a level detector. However, the sensor would still be able to accurately measure a rising level as it is now configured. It could be used to detect a dropping level, which would be a useful way to warn of leaks. The actual level possibly could be determined from the curve shown in Figure 7 , once the viscosity had been determined from the other amplitude ratio. However, this would make the data processing more complicated.
Data was taken with a similar device in molten glass at high temperatures with encouraging results. However, several design changes will have to be implemented. In particular, another high temperature material needs to used instead of Inconel. One suggestion is platinum which is used in the glass industry because of its high melting temperature and desirable non-wetting characteristics. The attenuation of torsional waves in this material below 1500°C is not expected to be as great as it is for Incone!. A different technique for sectioning the rod to produce reflections is needed as well. The softening of the silver solder at high temperatures affected the reflection from the solder bead within the oven. A ferrule made of platinum could be welded to the rod instead of using the solder bead. Molybdenum is another candidate material, however it would have to be plated with another suitable material to reduce oxidation of the rod at high temperatures.
